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Introduction
The development of the North Sea herring (Clupea harengus) stock in the 20th century presents a clear example of recruitment overfishing resulting in stock collapse (Saville and Bailey, 1980; Cushing, 1992) . Periods of collapse and recovery have been reviewed thoroughly in the light of management and other aspects (Burd, 1991; Corten, 1991; Bailey and Steele, 1992) . From .2 × 10 6 t in the 1960s, the spawning-stock biomass (SSB) declined to ,50 × 10 3 t by the mid-1970s (ICES, 1998a (ICES, , 2008a Figure 1a) , whereas the maximum age of fish in the catches decreased from 14 to 5 years old. The stock has since recovered and SSB has been estimated to have fluctuated around 1 × 10 6 t during the past 20 years. The spatial distribution is similar to that observed before the collapse (Burd and Howlett, 1974; Schmidt et al., 2009) . The stock has experienced fluctuations in productivity since the recovery, which requires constant management attention to prevent a recurrence of recruitment overfishing (Simmonds, 2007) . By considering the collapse and recovery of the North Sea herring, we provide information that might be useful for managing other fisheries or rebuilding other resources. We specifically consider: (i) the distribution and demographic changes in the light of substock structure; (ii) potential changes in genetic diversity and associated changes in life-history traits; (iii) the productivity of the stock and its components; (iv) whether multispecies interactions changed or influenced recovery; (v) consequences of collapse for the fishery; and (vi) the performance of the stock assessment and projections. The effects are considered in the context of the ecosystem as a whole, of the fisheries and suppliers, and of lessons for fisheries management in general.
Distribution and demography
The stock is usually considered to comprise four spawning components (Shetland/Orkney, Buchan, Banks, and Downs; Figure 2 ) characterized by different growth rates, migration routes, and recruitment patterns (Bjerkan, 1917; Cushing and Bridger, 1966; Harden Jones, 1968) . Within these groups, different spawning grounds might be used. Although the different components mix during part of the year, they experience different fishing pressures, because they are separate at other times. Surveys of larvae provide information on component dynamics (Payne, 2010) . The collapse during the 1970s was spatially heterogeneous, the different components having been depleted consecutively from south to north (Cushing, 1992) , in combination with a reduction in the distribution and number of spawning sites (Saville and Bailey, 1980) . In addition, the components exhibited different recovery trajectories (Burd, 1985; Corten, 1999) and revealed different patterns in relative abundance (Figure 3) . Schmidt et al. (2009) emphasized that "full recovery" is not welldefined by merely reaching a biomass threshold: restoring and maintaining spatial diversity might be equally important, because the latter provides resilience to local changes in exploitation, environment, and fish behaviour (McPherson et al., 2001) .
The processes involved in recolonization of spawning grounds during the recovery phase have remained unclear, but might have involved subsets of large year classes rediscovering migration routes or joining still-existing remnants of these components (McQuinn, 1997; Corten, 2001) . The time required for the rebuilding of the Downs component ( 25 years) suggests that the conservation measures taken in terms of specific TACs for this group have not had an immediate effect. If the objective of management is to maintain spatial diversity, clearly, monitoring of all spawning components is crucial. The collapse pattern demonstrates that North Sea herring exhibit the "basin effect" (MacCall, 1990) : at low abundance, the population retracted to core spawning areas, whereas the peripheral areas were recolonized during recovery. This feature should be better accounted for in future management. As for the distribution of herring at other times of the year, the collapse seems to have had little effect, because feeding sites and nursery grounds appear to be governed by environmental factors, such as plankton production or physical transport (Bainbridge and Forsyth, 1972; Heath et al., 1997; Maravelias and Reid, 1997; Maravelias, 2001; Dickey-Collas et al., 2009) . It is difficult to comment on the effect of collapse on the post-spawning distribution, because there is almost no information on the distribution of overwintering adult North Sea herring since the collapse.
Mixing of North Sea herring with other stocks within the management area affects the quality of the assessment, especially if they exhibit different changes in relative abundance or migration patterns (Kell et al., 2004) . At certain life stages and/or certain times of year, North Sea herring do mix with other stocks and these are exploited together (Clausen et al., 2007; Bierman et al., 2010) . Although they are predominantly autumn/winter spawners, some small spring-spawning components are included in the assessment and management of North Sea herring, whereas others are not (those spawning in Norwegian fjords and the Thames estuary). The management advice for western Baltic spring spawners is linked to that of North Sea autumn spawners through combined projections of mixed catches by the different fleets. There is a separate sub-TAC for Downs herring. However, this fixed proportion of 11% of the total TAC is not based on robust science (ICES, 2008a) . Because of their much larger population size, autumn-and winter-spawning herring dominate the catches in the region and the effect on the assessment of changes in the smaller populations appears to have been relatively minor (Simmonds, 2009) . Hence, the current definition of the North Sea stock of autumn and winter spawners as a single management unit appears to operate well (Reiss et al., 2009; Simmonds, 2009) , if the dynamics of the major components are also monitored. (R), (c) fishing mortality rate (F ) on adults and juveniles, and (d) recruits per spawner (RPS). Two series are concatenated to create complete time-series, because series agree during the period of overlap.
However, reliable monitoring of the dynamics of smaller stocks through collapse and recovery would be extremely difficult, particularly when their relative exploitation rates change in mixedstock fisheries (Kell et al., 2009) . In fact, some of the smaller populations in the North Sea, usually spring spawners (Figure 2 ), are not monitored at all.
Genetics and evolution
The genetic composition of large marine fish stocks has long been assumed fundamentally resilient to depletion, because even a collapsed stock might still comprise millions of individuals (Hutchings, 2000) . For instance, the lowest recorded size of the spawning population of North Sea herring was 270 × 10 6 fish in 1977. However, several studies have demonstrated a loss of genetic diversity in heavily exploited fish populations (Smith et al., 1991; Hauser et al., 2002; Hutchinson et al., 2003; Hoarau et al., 2005) , although apparent population sizes remained high. In many marine species, the genetically effective population size (N e ), rather than the census population size (N), determines whether a large loss of genetic diversity might occur during the periods of sharp population decline. Studies on New Zealand snapper (Pagrus auratus; Hauser et al., 2002) and European plaice (Pleuronectes platessa; Hoarau et al., 2005) showed the N e to be some five orders of magnitude lower than the N derived Lessons learned from stock collapse and recovery of North Sea herring from fisheries data, which at least has the potential to result in a loss of genetic diversity during overexploitation.
Although the population of North Sea herring declined by several orders of magnitude, Mariani et al. (2005) could not detect any loss of genetic diversity. The authors hypothesized that compared with other species studied, herring have a larger proportion of the spawning stock contributing to successive generations, and hence a more balanced ratio of N e to N, which reduces the genetic effect of stock decline. Additionally, because herring, like many clupeids, have regularly undergone population depletions independent of fishing pressure, the population might already have suffered natural genetic restriction before a fishery-induced collapse.
Intensive fishing has resulted in life-history changes in other heavily exploited fish stocks that appear to be at least partly of an evolutionary nature (Jørgensen et al., 2007; Kuparinen and Merilä, 2007; Dunlop et al., 2009) . The most commonly observed change is earlier maturation (reduced age-and length-at-maturity; Beacham, 1987; Smith, 1994; Trippel, 1995) . The driver is assumed to be the elevated mortality, because this favours genotypes associated with early maturation by removing genotypes of fish caught before reproduction (Andersen and Brander, 2009) .
The overfishing of North Sea herring resulted in an estimated decline in SSB by 97%. Such a high fishing mortality rate (F .
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) has the potential to cause evolutionary changes, particularly when fisheries are highly selective (Law and Grey, 1989; Heino, 1998; Ernande et al., 2004) . In a preliminary analysis on maturation changes in North Sea herring, Enberg and Heino (2007) found no clear indications to support the hypothesis of a fishery-induced effect on the maturation schedule, similar to the findings obtained for Norwegian spring-spawning herring by Engelhard and Toresen (in press ).
Productivity
Low productivity could be another cause of stock collapse. In fisheries science, productivity tends to be viewed as a combination of growth of the surviving fish and recruitment of new fish (Dutil and Brander, 2003) . Mortality affects productivity; this is discussed further in the section on multispecies interactions. Although size-at-age is relatively easy to measure, the factors regulating growth of individual fish and recruitment are difficult to determine. We highlight three effects: changes in density on growth, changes in stock structure on reproductive potential, and changes in the number of recruits per spawner.
Density-dependent growth
In populations experiencing large changes in abundance, densitydependent regulation of growth might occur, because of reduced competition for food when stock size is smaller (Melvin and Stephenson, 2007) . Before and during the collapse (from the late 1940s to the early 1980s), length-at-age increased markedly ( 2 cm at age 3) for the Orkney/Shetland, Banks, and Downs components (Burd, 1984; Saville et al., 1984) . Although there was no relationship with stock biomass for the Orkney/Shetland component (Saville et al., 1984) , the increase in length-at-age was negatively correlated with the changes in stock biomass in the Banks and Downs components, suggesting a densitydependent effect. During the period of stock recovery, weight-at-age decreased (ICES, 2008a) and these declines were correlated significantly and inversely with stock size in Downs herring (Shin and Rochet, 1998) . More generally, strong herring year classes have grown poorly in recent years, suggesting that density-dependent mechanisms are operating ICES, 2008a) .
Whereas most of the variations in size-at-age observed can be explained by density-dependent mechanisms, there are also indications of environmental effects. Modelling the growth of juvenile herring during the period of stock decline (1961 -1981) , Heath et al. (1997) explained the interannual variability in growth rate (superimposed on the main trend of density-dependent growth) by environmental fluctuations (hydrographic conditions and plankton abundance). Shin and Rochet (1998) found that, in addition to effects of stock size, growth in Downs herring was affected by wind-induced turbulence in spring (through its effects on intensity and timing of plankton blooms). For juvenile and adult life stages, a meta-analysis of the effect of temperature and density-dependence on the growth rates of 15 North Atlantic herring stocks by Brunel and Dickey-Collas (2010) established that temperature significantly explained variations in growth between cohorts of North Sea herring from the mid-1980s. Cohorts experiencing warmer conditions throughout their lifetime attained higher growth rates, but had a shorter life expectancy and smaller asymptotic size. There is, however, no current model to disentangle the various causes of variability in historical growth.
Stock reproductive potential
Consideration of stock reproductive potential (SRP) has provided insight into the dynamics of many stocks (Morgan, 2009; Nash et al., 2009b) . Female North Sea herring may mature when .25 cm and the proportion of mature-at-age varies by year and cohort (Davidson, 2009 ), but first maturation is generally between ages 2 and 3. Fecundity-at-length for different spawning components has not changed significantly (Zijlstra, 1973; Burd and Howlett, 1974; Damme et al., 2009) . Similar to Norwegian spring-spawning (Kurita et al., 2003; Kennedy et al., 2010) and Icelandic summer-spawning herring (Ó skarsson and Taggart, 2006) , fecundity is down-regulated via atresia, depending on available energy reserves . Because mass atresia has never been recorded, North Sea herring are not thought to skip spawning (Kennedy et al., 2010) .
The collapse, however, has influenced overall stock fecundity via changes in the relative abundance of different spawning components, each of which is characterized by different reproductive characteristics. Oocytes mature at a similar rate in autumn (northern) spawners and winter (southern) spawners, but the later spawning season in the latter prolongs gonad development, resulting in larger, but fewer eggs (Blaxter and Hempel, 1963; Damme et al., 2009) . Differences in egg size among spawning components have implications not only for reproductive output, as measured by SSB, but also for early survival and growth of larvae, because length-at-hatching, yolk-sac-stage duration, resilience to starvation, and even larval growth rates during early feeding have been positively correlated with egg size (Blaxter and Hempel, 1963; Morley, 1998; Morley et al., 1999) . Moreover, egg size in other herring stocks has been shown to be affected by maternal size (particularly among the younger ages; Blaxter and Hempel, 1963) , whereas larval quality (in terms of growth rate and biochemical condition indices) is also influenced by paternal size (Panagiotaki and Geffen, 1992; Evans and Geffen, 1998; Høie et al., 1999; Bang et al., 2006) . Therefore, variations in spawningstock composition have the potential to be as important as variations in SSB. A heterogeneous collapse of the spawning components will not only affect stock fecundity (one unit of SSB of autumn spawners produces 30% more eggs than one unit of SSB of winter spawners does), but might also influence early survival through the quality of progeny produced.
Sex ratio appears to have been relatively static at 50:50 and has not changed throughout the collapse and recovery (as it might in sexually dimorphic species), but age structure might also affect SRP, because demographic changes alter the relative proportions of recruit and repeat spawners. Blaxter and Hempel (1963) found that older and larger females spawn larger (and possibly better-quality) eggs. However, new studies indicate that herring fecundity (numbers of eggs) is regulated to maintain egg size (Almatar and Bailey, 1989; Kurita et al., 2003; Ó skarsson and Taggart, 2006) . The effect of changes in the relative proportions of recruit to repeat spawners on larval production (and subsequent recruitment), therefore, remains unclear.
Mean age of the spawners, age diversity of the SSB, and proportion of repeat spawners have been found to correlate positively with the variability in recruitment, but not with recruitment in absolute terms (Brunel, 2010) . This might be caused by a more heterogeneous spatial distribution of spawners (and an associated reduction in spawning strategies present) when there are fewer age groups, by compensatory mechanisms or coincident changes in the environment over the period of reduced biomass (Nash et al., 2009a) . As yet, SRP has not been shown to be more appropriate than SSB for operational usage in management.
SSB and recruitment
Recruitment (Figure 1b) has largely preceded the trend in SSB (Figure 1a ). Examining these dynamics in detail, Nash et al. (2009a) did not find any evidence of depensatory effects (i.e. reduced reproductive capacity at very low population densities). However, compensatory mechanisms (i.e. a negative correlation between number of recruits per spawner and stock size; Figure 1d ) were evident. Compensation was stronger during the period of recovery than during the period of collapse, but the question has remained open whether this feature was linked directly to differences in stock dynamics during collapse and recovery or was caused by some environmental factor.
Recent work has also improved our understanding of when year-class strength is determined. Nash and Dickey-Collas (2005) demonstrated that events during the overwintering phase of the larvae (between the early and late stages: 10 -30 mm) determine year-class strength. In extending this analysis, Payne et al. (2009) found support for this conclusion based on data collected during the recent recruitment failure (2002) (2003) (2004) (2005) (2006) (2007) (2008) . However, surveys of late-stage larvae have only been done since 1977, and they do not cover the full period of the collapse.
The complementary questions of how year-class strength is determined, and whether the recruitment for different spawning components is determined by the same processes, remain elusive (Cushing and Bridger, 1966) . Recruitment, as measured in stock assessment, is a summation of the survivors of many spawning events across the North Sea. The different spawning grounds experience different environmental variability (Petitgas et al., 2009) . Therefore, searching for one environmental driver without accounting for spatial and temporal differences, and discounting the influence of parental factors, might be naïve. Although many hypotheses on environmental drivers have been proposed, there is as yet no explanation for the events that resulted in the recruitment failures in either the mid-1970s or the 2000s. Variability in advection from the spawning grounds to the nursery grounds has long been thought to be a crucial factor (Corten, 1986; Bartsch et al., 1989; Munk and Christensen, 1990) , but unequivocal support for this hypothesis has not been forthcoming . Excessive removal of juveniles by industrial fisheries is thought to have impaired recruitment during the 1970s (Burd, 1978; Simmonds, 2007) , but this cannot have been a problem during the recent recruitment failure, because fishing mortality on juveniles was much lower (Figure 4a ). Physiological modelling of temperature-specific food requirements suggest that the spawning periods utilized are the most favourable ones for larval growth and survival (Hufnagl et al., 2009) . Indeed, changes in the planktonic system have been suggested as critical for recruitment (Cushing, 1992; Payne et al., 2009) , but clear evidence is lacking. Variations in bottom temperature near the spawning grounds (Nash and Dickey-Collas, 2005; Payne et al., 2009) , predation by jellyfish (Lynam et al., 2005) , bottom-up processes (Hufnagl et al., 2009) , and competition with other species (Corten, 1986) have been proposed as mechanisms that also affect recruitment. Gröger et al. (2010) , using only statistical inference, suggested Figure 4 . Mean fishing mortality rate (F) and predation mortality rate (M2) on (a) age groups 0-1 and (b) age groups 2-6; as estimated by the SMS model (ICES, 2008b (ICES, ), 1963 (ICES, -2007 that recruitment could be predicted reasonably accurately with a forward lag of 2 and 5 years from North Atlantic climatic indices. Their model is not yet operational; it also has not been tested on recruitment data more recent than 2006. Other factors may also affect growth and survival of larval and juvenile herring (disease, storms, contaminants), but with some exceptions (Tjelmeland and Lindstrøm, 2005 ), it has not been possible to include any environmental factors in recruitment models that can be used in routine assessments.
In terms of designing effective recovery plans, the collapse and subsequent recovery has contributed to a basic shift in thinking about recruitment dynamics. Stock-recruitment relationships are no longer being considered as stationary (Chaput et al., 2005; Stige et al., 2006) , and for North Sea herring, a "recruitment -stock relationship" might be more meaningful (Gröger et al., 2010) . North Sea herring has provided clear evidence that the paradigm of a single stock-recruitment relationship that has prevailed for the past 60 years (Bailey and Steele, 1992 ) is clearly invalid. Instead, the interaction of stock and recruitment must be viewed as being more fluid, changing gradually or periodically depending on ecosystem changes (regime shifts). Recent work has begun to reflect this change in mindset (Nash et al., 2009a; Payne et al., 2009) , which might help disentangle the multiple roles of climate and fishing in determining recruitment success in exploited stocks . In trying to project the productivity of North Sea herring forward, it is clear that recruitment adds the most uncertainty to the estimates of future yield and of the potential to reach biomass reference points within a specific time-frame (Dickey- ICES, 2007) .
Multispecies interactions and ecosystem approach
The 100-fold reduction in herring biomass-from 5 × 10 6 to ,0.05 × 10 6 t in 1940s to 1970s)-has undoubtedly affected the trophodynamic structure, functioning, and energy flows in the North Sea ecosystem (Jones, 1982) . The complex role of herring must have varied accordingly. Essentially, herring forms a prey-to-predator (P2P) loop (Bakun and Weeks, 2006) . As a prey, its role has been investigated using multispecies models, such as multispecies virtual population analysis (Vinther, 2001; Kempf et al., 2006) , stochastic multispecies (SMS) model (Lewy and Vinther, 2004) , and Ecopath with Ecosim (Mackinson and Daskalov, 2007) . The last authors estimated that the herring biomass in 1880 must have been 5 × 10 6 t, very similar to the value for the late 1940s. The estimates of stock abundance from different multispecies models agree broadly, but tend to be slightly higher than those derived from single-species assessments are (ICES, 2008b) . However, they are sensitive to assumptions about the abundance of mackerel and horse mackerel in the North Sea (ICES, 2007 (ICES, , 2008b , because juvenile herring are mostly eaten by these two predators. The predation mortality (M2) of 0-and 1-group herring has always been substantially higher than the fishing mortality (Figure 4a ), but appears to have been highest around the time of the collapse. These M2 values tend to be lower and exhibit less interannual variability than those estimated for juvenile herring in the western Atlantic (M2 varies from 0.8 to 3.2; Tyrrell et al., 2008) .
Older herring (age 2+) are mainly eaten by gadoids and birds (ICES, 2008b) , although historically, herring have also been the main prey of bluefin tuna (Mackinson, 2001) , which disappeared from the North Sea in the early 1950s. M2 has been very stable and only immediately after the collapse and in recent years has predation removed more 2+ herring than the fishery did (Figure 4b) . Kenny et al. (2009) suggested that between 1983 and 1993, pelagic components of the ecosystem were predominantly controlled by top-down mechanisms (fishery), whereas thereafter these components mainly responded to bottom-up (environmental) influences.
As implied by the characterization of herring as a P2P loop, herring also play an important role as a predator (though often not included in multispecies models). The prey spectrum varies by size, location (Savage, 1937) , season (Hardy, 1924) , and year (Last, 1989) . Larvae first feed on nauplii and microzooplankton (Checkley, 1982) , juveniles subsequently shift to Pseudocalanus, Paracalanus, and Temora copepodites and small meroplankton, and adults feed on Calanus, Temora, Oikopleura, Schizopoda, Amphipoda, juvenile Ammodytidae, and fish eggs and larvae (Garrison et al., 2001; Segers et al., 2007) . The effect as a predator on the system, therefore, varies with both stock size and stock distribution. When Daan et al. (1985) suggested that herring had little effect as a predator on North Sea cod egg production, the cod SSB was 32% of the herring SSB. Today, it is 2% and the interaction is likely to be quite different. There is a significant negative correlation (r 2 ¼ 0.45, p , 0.002) between the biomass of herring and cod (SMS from 1963 (SMS from to 2007 , suggesting that herring and cod populations do not both exist at high biomass at the same time.
Because herring occupy both prey and predator positions, a collapse will release predation on its prey species and constrain the food resource of its predators, whereas a recovery has the opposite effects. Given its potential numerical dominance, the effect of these trajectories of decline and increase on many other organisms in the system could undoubtedly be large. However, it is questionable whether the outcomes of all of these interactions could be predicted during a collapse or recovery phase (Kempf et al., 2006; ICES, 2008b) . Although primary production is variable across the North Sea (Heath and Beare, 2008) , the region as a whole can sustain a large herring population (Greenstreet et al., 1997) . Recent studies have considered a rebuilding of the stock up to 1.5 × 10 6 t of SSB as a sensible target and yet the stock in the 1880s and 1940s is thought to have been up to 5 × 10 6 t (Mackinson and Daskalov, 2007) . Projecting the effect on the ecosystem of a recovery to this size would rely on extrapolations of information gained largely during a period of relatively low abundance. Although current production might support such a large stock in principle, the system would clearly change. Moreover, as managers try to reconcile commitments to singlespecies maximum sustainable yield (MSY) targets with the ecosystem approach, they must consider the appropriate management objectives for the North Sea ecosystem as a whole (Bakun et al., 2009; Mackinson et al., 2009) . Questions arising are for instance: can the North Sea sustain simultaneously huge biomasses of herring and cod, as well as of all other commercially important species; do benthic species and birds benefit from a large herring stock; and what are the consequences for other forage fish and the fisheries exploiting these fish?
The fishing industry
The recruitment failure in the 1970s has had a profound effect on the herring fishery, not only in the North Sea, but also in adjacent waters. Adequate management action was taken too late to prevent collapse of the spawning stock (Nichols, 2001) , so rebuilding required draconian measures (a 5-year closure of all directed fisheries) that have had a lasting effect on the entire industry (Burd, 1991; Corten, 1991) .
At the time and except the 12-mile coastal zone, the North Sea was still a free fishing area and the stock was exploited by fleets from at least 14 different nations (ICES, 1977) . Despite the conclusions of the ICES Herring Assessment Working Group becoming more alarming each year (ICES, 1977) , the North East Atlantic Fisheries Commission (NEAFC) had no mandate to impose measures unless they were agreed by all member states (Ackefors, 1977) . Consequently, NEAFC could only agree on measures that constituted no real obstacle to any of the national fleets involved (Simmonds, 2007) .
The reluctance of member states to agree on substantial catch reductions was fed by several factors. Because no international inspection system was in place, there was a widespread concern that catch restrictions would not be implemented by other states. Furthermore, the economic consequences of catch restrictions would have been severe. Although countries had seen their catches continuously decline, the prices markedly increased, thereby allowing fishing companies to survive. A drastic cut in the catches would have resulted in bankruptcy of many companies, with a consequent loss of employment. The anticipated effect was not only on the fishing fleets, but also on the markets for fish, including animal feeds. The entire industry would have suffered.
The reluctance to accept drastic measures should also be viewed in the historical political context (Bjørndal, 1988; Karlsdó ttir, 2005) . At the time, the herring fishery was an important economic activity in most countries bordering on the North Sea. Consequently, fisheries organizations had a strong influence on governmental decision-making. This contrasted with the lesser influence carried by the scientific advice in these circles. Uncertainty in the science was used to postpone decisions, and additional studies were initiated more as a device to delay action, rather than to find solutions (Simmonds, 2007) .
On 1 January 1977, all countries around the North Sea extended their exclusive economic zones (EEZ) to 200 miles (Coull, 1991) . The North Sea was no longer a free fishing area and suddenly national governments could introduce conservation measures within their own areas. Using this opportunity, the British government was the first (1 March 1977) to declare a total ban on all directed herring fisheries in the British EEZ (Coull, 1991) . Other governments were slow to follow. The Dutch government objected to the British measure and in June 1977 sanctioned the start of the "maatjes" (the traditional cured herring) season. Dutch vessels entered the British EEZ based on traditional rights to fish and, promptly, two boats were arrested by the British Royal Navy. This resulted in an international confrontation that threatened to escalate. However, the scientific argument that a closure of the fishery was required finally persuaded all other countries to join in. By the end of June 1977, all directed herring fisheries in the North Sea came to a halt.
In general, the fishing ban was well respected, except in the Channel area where local trawlers continued to fish small quantities of spawning herring (ICES, 1982) . In addition, herring could still be landed as a bycatch taken in other fisheries, and limited directed fishing did occur on this basis. It was during this time that the European Union agreed on a Common Fisheries Policy and took responsibility for the management in all community waters. Some fleets moved to exploit herring stocks in adjacent areas. Following reports of a recovery of the Downs component, a small TAC for the southern North Sea and Channel area was set in 1981 and 1982. The ban on directed fishing in other areas of the North Sea was lifted in June 1983.
Because of the ban, a large number of shipowners went bankrupt. The Dutch fleet had 50 herring trawlers at the time of the closure and only 12 when the ban was lifted. Similar fleet reductions happened in other countries. The German canning industry was hit hard by the ban, and fish processors in Scotland also suffered. The UK started importing herring (Figure 5a ). The lack of supply, exacerbated by a closure of the herring fishery west of Scotland in 1979, also resulted in a change in consumer behaviour. In the UK, the kipper (smoked herring) became less popular (Figure 5b ). When the fishery was resumed in 1983, a large part of the traditional market for Figure 5 . Economic effect of the ban on directed fishing for herring in the UK: (a) value of the UK herring landings, exports, and imports (1976 -1983 Wood and Hopper, 1984); and (b) kipper processing in Scotland (1965 -1985 ; source: Scottish Sea fisheries statistics).
Lessons learned from stock collapse and recovery of North Sea herring herring had disappeared. Prices were low, and some of the first catches had to be sent for reduction to fishmeal.
After the closure, Dutch traders sought new suppliers of their traditional "maatjes". These were found in Denmark and Norway, where fishing in the Skagerrak and Kattegat was allowed to continue, because of the mixed catch with spring spawners. Scandinavian fishers soon learned how to serve the Dutch market and after the North Sea fishery was reopened, the Dutch suppliers had permanently lost the market. In the early 1980s, more than 50% of the UK herring catch was sold to "Klondikers" (factory processing vessels from eastern Europe), because no local buyers could be found (Wood and Hopper, 1984) .
In other aspects, however, the herring ban also had favourable effects. When the vessels could no longer fish for North Sea herring, some switched to mackerel (Scomber scombrus) and horse mackerel (Trachurus trachurus) west of the British Isles. These species could not be preserved in brine (as was done traditionally with herring), but had to be frozen on board. Therefore, ship owners started to convert their vessels into freezer trawlers. These vessels turned out to be very successful, not only for mackerel and for horse mackerel, but later also for herring. In this way, the herring ban paved the way for a contemporary pelagic fishing fleet.
Assessment, projections, and predictions
North Sea autumn-spawning herring have been assessed by ICES since the 1960s. Although registration of landings started around the beginning of the 20th century (Saville and Bailey, 1980) , data collection among countries remained inconsistent up to the 1980s, and methods for analytical assessments were still under development (Simmonds, 2009) . Nevertheless, the lack of analytical assessments did not impede scientists from warning of stock collapse. From the 1980s on, the basic data needed were routinely compiled and analytical assessments were done annually, resulting in gradually more sophisticated advice (ICES, 2008a) . There is always a degree of uncertainty associated with such advice. This arises from the input data, as well as from the assumptions, choice, and fitting of the assessment and projection model used. Therefore, addressing uncertainty explicitly has become part of the assessment process.
Over the past 5 years, projections of SSB for 1 year ahead have been, on average, within 4% of the biomass estimate in the assessment 1 year later, without a directional bias. An example of uncertainty caused by assumptions can be highlighted by the influence of the 2000-year class in the projections. This year class grew slowly and matured at a later age than usual and this had not been foreseen. The assumption of business as usual resulted in a subsequent actual decline of 25% in SSB compared with the projected value, 1 year ahead. Although the short-term projection of SSB was affected, the estimates of numbers of herring were not, and the year class fully matured in the medium term. Therefore, the discrepancy was much less.
Over the time-series of providing advice, projections for 2 years ahead have been, on average, 25% different from the assessment estimates 2 years later (when accounting for deviations between advised and actual TACs). Large deviations generally arose from differences between projected (average) and actual recruitment. Therefore, assumptions about future recruitment are important (ICES, 2007) . The projections incorporate a 0-group recruitment index, which has allowed warnings of forthcoming years of poor recruitment (Payne et al., 2009 ), but does not provide information for the expected SSB more than 2 or 3 years ahead. Nevertheless, the medium-term projections have conformed overall to the actual recovery trajectory (Simmonds, 2007) , and SSB recovery has been within the 95% confidence intervals of the projections.
Since the early 1990s, the agreed TAC has broadly followed the trends in advice. Until 1996, however, the TAC overshoot-the difference between the estimated catch and the TAC-averaged approximately +30%. This TAC overshoot, in combination with reduced recruitment, resulted in an increase in fishing mortality in the mid-1990s (Figure 1c) . In 1996, a management plan that incorporated a harvest control rule was put in place (Simmonds, 2007) . Operational versions have varied, because the plan is reviewed and adapted approximately every 3 years, but since its introduction, the TAC overshoot has been reduced to approximately +10%. The different versions of the plan have always been founded on the precautionary approach (ICES, 1998b ) and yet the stock again declined below the biomass threshold in the mid-2000s. This was primarily caused by a series of poor recruitments, but also by a failure to comply with the management plan. Despite warnings that substantial reductions in TAC were required to maintain compliance, smaller cuts were enacted. Consequently, even larger reductions had to be imposed in subsequent years to comply with the target fishing mortalities of the management rule.
Overall, the stock appears to be assessed and managed reasonably well. However, it is questionable whether the current management plan is the most effective one in the longer term, in either maximizing yield or maintaining biomass targets, because it does not consider interactions with other species or stock structure. This again emphasizes the need to understand better the dynamics of the wider ecosystem and to monitor the variability among stock components (Schmidt et al., 2009; Bierman et al., 2010) and mixing with other stocks (Kell et al., 2009) .
However, breaking up a consistent assessment and management approach carries many dangers. Any move to more spatially resolved management should be carefully evaluated beforehand, because it requires more process knowledge (Hinrichsen et al., 2010) and/or the ability to identify adequately the diverse components in mixed catches, as well as an understanding of how inclusion of that knowledge is going to affect the entire management strategy (De Oliveira et al., 2006) .
Lessons learned
The lessons learned for management from the collapse and recovery can be split in three main topics: (i) the underlying biology as it affects management and exploitation; (ii) the effects of exploitation on stock structure; and (iii) the role of herring in the North Sea ecosystem.
(i) Recruitment is intrinsically variable and, in combination with variability in predation mortality on adults, can yield natural variation in stock abundance by at least a factor of 4. Management aimed at MSY fishing mortality targets implies interannual variation in TACs and managers and fishers must accept this variability in supply and restrain the catches accordingly. Setting TACs appears to be a suitable mechanism for doing so (if catches are closely monitored). Greater understanding of the properties and causes of recruitment variability should increase predictability, which would help taking appropriate management decisions. It might also allow simulations of management scenarios that account for longer-term environmental change, thus aiding the development of more robust management plans.
(ii) So far, SSB appears to have operated well as a proxy for SRP and the evidence obtained during the collapse (learning by mistakes) clearly indicates that recruitment is impaired if SSB is not maintained above some critical threshold. Nevertheless, series of poor year classes may still occur, even when SSB is relatively large. Maintaining sufficient SSB can be accomplished by either reducing TACs as the biomass declines or setting a fixed TAC that is sufficiently low. From a precautionary point of view, there is a need to ensure spatial diversity of spawning components. Although past experience suggests that this spatial aspect of stock structure has not been critical to reproductive potential of the stock as a whole, this issue would become relevant if the fisheries would target specific components or if strong spatial patterns in recruitment success were observed. Given a limit reference level of SSB, density-dependent effects on growth, maturation schedules and genetic diversity will be relatively unimportant in management terms. However, spatially explicit monitoring of the development of different spawning components remains a priority for the science.
(iii) The role of herring in the North Sea ecosystem is difficult to evaluate quantitatively. Fisheries science cannot at present provide management advice and predictions of herring that account for this role, especially when extrapolating beyond the range of recent observations. At the ecosystem level, the behaviour and interactions of species are adaptive and complex. However, management should always endeavour to maintain recruitment, a certain biomass of spawning adults and spatial diversity, to sustain the ecosystem services of herring.
In conclusion, monitoring spawning biomass (total and by component), compliance with a simple harvest control rule, and an enforced quota regime should deliver most of the management requirements for preventing future collapse. However, this is only valid as long as the environment maintains the fluctuations in productivity at levels observed during the past 100 years. This condition of long-term stationarity in the North Sea system is-in contrast to the situation for Norwegian spring-spawning herring for instance (Toresen and Østvedt, 2000) -supported by the apparent match between the projections of stock development in the 1980s and the observed recovery of the stock.
We can infer from this review that hypothesis-driven research could contribute meaningfully to management through improved confidence in and increased transparency of the advice. At present, we cannot predict the effects of collapse or recovery of a single stock on the ecosystem as a whole, nor can we predict the direct and indirect effects of large environmental change, such as global warming, on a single stock. Therefore, North Sea herring is likely to remain a continuing source of both inspiration and frustration to researchers for many years to come.
